T hroughout the past 2 decades, intense research has linked nuclear Ca 2+ signals to a wide range of physiological and pathological cellular responses. 1,2 Although nuclear Ca 2+ is essential for processes such as nuclear transport, chromatin condensation, and the activation of several transcription factors, 3-6 the origin of the nuclear Ca 2+ signal is still controversial. Some authors suggest that nuclear Ca 2+ signals can result from Ca 2+ release that initiates in the cytosol and then propagates to the nucleus, 7,8 whereas others suggest that it occurs independently of cytosolic Ca 2+ release. 9,10 Consistent with the latter notion, we have previously reported that stimulation of the insulin-like growth factor 1 receptor (IGF-1R) triggers a rapid inositol 1,4,5-trisphosphate (IP 3 )-dependent Original Rationale: The ability of a cell to independently regulate nuclear and cytosolic Ca 2+ signaling is currently attributed to the differential distribution of inositol 1,4,5-trisphosphate receptor channel isoforms in the nucleoplasmic versus the endoplasmic reticulum. In cardiac myocytes, T-tubules confer the necessary compartmentation of Ca 2+ signals, which allows sarcomere contraction in response to plasma membrane depolarization, but whether there is a similar structure tunneling extracellular stimulation to control nuclear Ca 2+ signals locally has not been explored.
Ca 2+ signal that originates in the nucleus and then propagates to the cytosol of cultured cardiac myocytes. 11 These results raised the question of how the activation of a plasma membrane receptor is able to elicit an IP 3 -dependent response in the nucleus, bypassing IP 3 receptors (IP 3 R) present in the peripheral sarcoplasmic reticulum. The generally accepted explanation is that IP 3 diffuses rapidly and that a higher abundance in the nucleoplasmic reticulum of specific IP 3 R isoforms with increased sensitivity to IP 3 accounts for the speed and independence of the nuclear Ca 2+ signals. 12 The cellular architecture of cardiac myocytes, however, suggests an alternative scenario. In these cells, T-tubules consist of plasma membrane invaginations toward internal sarcoplasmic reticulum, forming the well-known microdomains for excitationcontraction coupling. 13 Is it possible that these structures could also contribute to spatially restrict the generation of nuclear Ca 2+ signals in response to extracellular stimulation? We addressed this question by studying perinuclear sarcolemmal invaginations that contain the IGF-1R signaling complex, leading to a nuclear Ca 2+ increase that is fully independent of cytosolic Ca 2+ and regulates transcription by physically bringing a plasma membrane receptor in close proximity to the nucleus.
In This Issue, see p 223
Editorial, see p 224
Methods
Primary cardiac myocytes were purified, as previously described, from neonatal rats, 14 adult rats, 15, 16 adult mice, [16] [17] [18] or human embryos. 19 The Figure 1 . Nuclear compartmentation of Ca 2+ signaling triggered by extracellular insulin-like growth factor 1 (IGF-1) in neonatal rat cardiomyocytes. A, Dynamic Ca 2+ imaging of primary neonatal rat cardiac myocytes (CM) loaded with fluo-3AM and stimulated with 10 nmol/L IGF-1 in Ca 2+ -free recording medium. B, The whole-cell Ca 2+ signal triggered by IGF-1 stimulation of CM loaded with fluo-3AM (n=12). C, Analysis of relative fluorescence intensity in nuclear and cytosolic regions. D, Quantification of time to peak [Ca 2+ ] in the nucleus vs the cytosol (n=12, statistical significance was calculated by t test, ***P<0.001, values are expressed as mean±SEM). E, The rate of Ca 2+ increase in nuclear and cytosolic compartments was obtained by calculating the derivative of the Ca 2+ signal over time. F, Quantification of the peak rate of Ca 2+ increase in nuclear and cytosolic compartments (n=12, statistical significance was evaluated by t test, ***P<0.001 between compartments, values are expressed as mean±SEM). G to I, Relative fluorescence intensity of CM transfected with empty vector (EV), cytosolic parvalbumin-nuclear exclusion signal (PV-NES), or nuclear parvalbuminnuclear localizing signal (PV-NLS) as indicated and stimulated with IGF-1 in Ca 2+ -free recording medium. J, DsRed/ bright field images of CM transfected with EV, PV-NES, or PV-NLS as indicated. K, Summary of peak fluorescence values after IGF-1 stimulation of CM expressing EV, PV-NES, or PV-NLS as indicated (n=12, 1-way ANOVA, ***P<0.001 vs EVtransfected cells, values are expressed as mean±SEM). L, Myocyte-enhancing factor 2C reporter activity of cells expressing EV, PV-NES, or PV-NLS as indicated and stimulated with IGF-1 for 24 hours (n=6, 2-way ANOVA, **P<0.01 vs untreated cells and ##P<0.01 vs EVtreated cells, values are expressed as mean±SEM). White bar, 10 µm.
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IGF-1 insulin-like growth factor 1
IGF-1R
IGF-1 receptor Ethical Committee of the Karolinska University Hospital approved the use of cells from surgically aborted human tissue. This investigation conforms to the principles outlined in the Declaration of Helsinki. Dynamic Ca 2+ imaging was performed on fluo-3AM-loaded cardiac myocytes, using an inverted fluorescence microscope for whole-cell images or a confocal inverted microscope for line scan analysis. Ca 2+ and IP 3 measurements were conducted in HEPES-buffered recording saline, either with or without Ca 2+ as indicated. Overexpression was carried out using standard lipofectamine transfection and adenoviral transduction protocols. All colocalization analyses were performed on deconvolved confocal images using the software ImageJ or Imaris. Subcellular fractionation was performed by differential centrifugation. Immunoprecipitation was performed using protein G sepharose beads. Intracellular IP 3 mass measurements were performed by radioligand binding assays. Sucrose gradient fractioning was performed on cardiac myocytes maintained for 24 hours in 14 C-cholesterol. Lipid raft disruption was performed by acute treatment with the cholesterol-binding reagent methyl-β-cyclodextrin (MβCD). T-tubule disruption was induced by osmotic shock with formamide. Three-dimensional rendering of images was performed on Z-stacks of 0.1-μm thick confocal images using Imaris software. Statistical significance was evaluated by 1-or 2-way ANOVA, according to experimental conditions. Fully detailed methods are available in the Online Data Supplement.
Results

IGF-1 Triggers a Fast and Cytosol-Independent Nuclear Ca 2+ Signal
Primary neonatal rat cardiac myocytes were stimulated with IGF-1, and a rapid Ca 2+ signal was observed ( Figure 1A and 1B and Online Movie I). The kinetics of the Ca 2+ signal were faster in the nucleus than in the cytosol, increasing to a maximum within 4 seconds in the nucleus, whereas cytosolic Ca 2+ reached a maximum at 14 seconds ( Figure 1C and 1D). The initial rate of Ca 2+ increase, corresponding to the derivative of the Ca 2+ signal over time, was double in the nucleus compared with the cytosol ( Figure 1E and 1F). To evaluate the contribution of nuclear Ca 2+ to the whole signal, we studied the effects of IGF-1 in cells expressing the Ca 2+ -buffering protein parvalbumin localized to either the cytosol by means of a parvalbumin-nuclear exclusion signal or to the nucleus by a parvalbumin-nuclear localizing signal ( Figure 1J ). 20 When cytosolic Ca 2+ was buffered, IGF-1 treatment led to an increase in nuclear Ca 2+ exclusively ( Figure  1H and 1K), whereas in cardiac myocytes with nuclear Ca 2+ buffering, no response in intracellular Ca 2+ was observed, either in the nucleus or in the cytosol ( Figure 1I and 1K). These results excluded the possibility of dye-localization artifacts and revealed that the nuclear component of the Ca 2+ signal occurs not only more rapidly but also independently of the cytosolic signal. To determine the functional relevance of such Ca 2+ compartmentation, we selectively buffered nuclear Ca 2+ and monitored the activation of the Ca 2+ -dependent transcription factor myocyte-enhancing factor 2C (MEF2C). 3 Treatment for 24 hours with IGF-1 significantly increased the MEF2C reporter activity in control cells (empty vector, EV) and in cells expressing parvalbumin-nuclear exclusion signal, whereas in cells expressing parvalbumin-nuclear localizing signal the reporter activity was abolished ( Figure 1L ). Thus, the IGF-1-induced Ca 2+ response in the nucleus, not the cytosol, is critical for the activity of the target transcription factor MEF2C, which is consistent with the primarily nuclear effects of IGF-1 that we observed on cellular Ca 2+ . Remarkably, using human embryonic cardiac myocytes, we also observed that the Ca 2+ signal triggered by IGF-1 was faster in the nucleus, followed by the cytosolic component ( Figure 2A and 2B), whereas the basal oscillations of Ca 2+ in these cells were mainly initiated in the cytosol and then followed by the nuclear Ca 2+ increase ( Figure  2C and 2D). We additionally used adult rat cardiac myocytes to study whether this signal was present after cardiac development and differentiation. In these cells, there was also a strong and fast Ca 2+ signal after IGF-1 addition ( Figure 2E ), with higher amplitude (and shorter time to peak) in the nucleus than the cytosol ( Figure 2F ). The persistence of this signal in medium without Ca 2+ indicates its release from intracellular stores ( Figure 2G ), in agreement with our observations in neonatal rat cardiac myocytes and human embryonic cardiac myocytes.
IGF-1R Is Distributed in the Perinuclear Zone of Cardiac Myocytes
Based on the above results, we investigated whether the nuclear Ca 2+ response is triggered by an IGF-1R signaling complex present in close physical proximity to the nucleus. Confocal immunofluorescence studies in permeabilized neonatal cells revealed a high level of both αand β-subunits of the IGF-1R in the perinuclear area, as evidenced by counterstaining with the nuclear lamina protein lamina-associated protein 2 ( Figure 3A and 3B). To eliminate the possibility that perinuclear staining was a result of IGF-1R internalization, we performed studies on nonpermeabilized cells using an antibody that recognizes an extracellular epitope of the IGF-1R α-subunit.
Lamina-associated protein 2 antibodies did not stain the nuclear envelope in these nonpermeabilized cells (Online Figure IA) , and the intactness of the plasma membrane was verified further by the absence of nuclear staining with the vital dye, propidium iodide (Online Figure IB and IC). Three-dimensional rendering of images obtained from fixed nonpermeabilized cardiac myocytes revealed details of the IGF-1Rα distribution surrounding the nucleus ( Figure   3C and Online Movie II). To exclude fixation or labeling artifacts, we transfected cells with IGF-1R-green fluorescent protein and studied living cardiac myocytes. We observed a corresponding perinuclear distribution of the IGF-1R, which additionally projected through the nucleus ( Figure  3D and Online Movie III). We performed similar studies in adult rat cardiac myocytes. Using fixed permeabilized cells, we observed a clear perinuclear staining of the IGF-1Rα, in addition to a sarcolemmal striated pattern (Online Figure IIA -IIC). Importantly, when studying fixed, nonpermeabilized cells, we also observed a sarcolemmal distribution of the IGF-1Rα in the perinuclear zone ( Figure 3E ). We controlled our permeabilization protocols by monitoring propidium iodide incorporation (Online Figure IID) . Biochemical fractionations confirmed these results in neonatal and adult cells, in which both αand β-subunits of endogenous IGF-1R were detected in the membrane fractions as expected, but most interestingly, the nuclear fraction also revealed the presence of mature IGF-1R αand β-subunits ( Figure 3F and 3G). Of note, the immature pre-IGF-1R peptide, which is formed by both αand β-subunits and transits through the biosynthetic pathway, was detected in the membrane fraction (microsomal) but not in the nuclear fraction. This additionally indicates that the 
Perinuclear IGF-1R Is Part of Sarcolemmal Invaginations
Cardiac myocytes are composed of plasma membrane invaginations. To investigate whether sarcolemmal structures might provide a physical platform facilitating the fast nuclear events in response to extracellular IGF-1, we used a nonpermeable lipophilic plasma membrane labeling and observed a similar perinuclear staining to that observed for the IGF-1R in neonatal cells (Online Figure IIIA) . Threedimensional rendering obtained from high-resolution confocal stacks showed plasma membrane structures surrounding and projecting inside the nuclei of cultured cells (Online Figure IIIA, bottom) . Remarkably, fluorescently labeled, cellimpermeable albumin (BSA-fluorescein isothiocyanate) was observed to diffuse quickly (2 minutes) into nuclear tunnels (Online Figure IV) , indicating that extracellular medium is able to reach close nuclear proximity. To verify that the IGF-1R was present in these structures, we transfected IGF-1R-green fluorescent protein and labeled the plasma membrane in living cells. The IGF-1R and the plasma membrane showed consistent perinuclear colocalization ( Figure 4A ). Three-dimensional rendering analysis indicated that the IGF-1R was directly apposed to perinuclear sarcolemma ( Figure 4A , bottom and Online Movie IV). In adult rat cardiac myocytes stained with cell mask, we also observed T-tubules extending from the cell surface to the nuclear envelope, where they established close contacts between the sarcolemma and the nucleus ( Figure  4B ). Equivalent results were obtained in adult mouse cardiac myocytes using the potentiometric dye Di-8-ANEPPS (Online Figure IIIB) . Altogether, these results indicate that the IGF-1R is part of perinuclear sarcolemmal invaginations.
Pre-T-Tubules Contain the IGF-1R in Neonatal Cardiac Myocytes
In neonatal cardiac myocytes, the T-tubule system is not fully developed. To study the functional properties of the sarcolemmal invaginations that we observed in neonatal cells, we performed a protocol for the acute disruption of T-tubules by osmotic shock with formamide, 21 which does not disturb other cellular functions. In control cells, the T-tubule protein α1C subunit of L-type Ca 2+ channels colocalized with the IGF-1R and lamina-associated protein 2 (Online Figure VA and VB) , but in cells treated with formamide, the perinuclear distribution of α1C was disrupted ( Figure 5A ). Control cells displayed spontaneous, high-amplitude Ca 2+ oscillations that were synchronized in the nuclear and cytosolic compartments, but in formamide-treated cells, both the amplitude and the synchronization of oscillations were lost ( Figure 5B ). Importantly, in these cells, the nuclear Ca 2+ signal triggered by IGF-1 was abrogated ( Figure 5C ). Interestingly, these invaginations also exhibited characteristics of lipid rafts. The IGF-1R and caveolin 3 showed consistent perinuclear colocalization ( Figure  5D ), and sucrose gradient fractionations confirmed the abundance of both proteins in the same fractions ( Figure 5E ). These fractions also exhibited high levels of cholesterol ( Figure 5F ), which is an obligate component of lipid rafts and T-tubules. 22 Treatment of cardiac myocytes with the cholesterol-binding agent MβCD is known to abrogate the function and structure of lipid rafts. 23 Accordingly, MβCD decreased the levels of cholesterol in these fractions ( Figure 5F ) and, most importantly, abolished the nuclear Ca 2+ response to IGF-1 (Figure 5G and 5H and Online Figure VIA ). We performed a series of controls to validate these results, in which we observed that cholesterol-inactivated MβCD did not affect the nuclear Ca 2+ response ( Figure 5H and Online Figure VIB ), and the same was observed by giving the cells a 24-hour recovery period after the acute treatment with MβCD ( Figure 5H and Online Figure VIC) . Similarly, the Ca 2+ signal was not affected by the nonspecific lipid-binding agent xylazine ( Figure 5H and Online Figure VID) . These results confirm that sarcolemmal invaginations with mixed characteristics of lipid rafts and T-tubules are present in neonatal cells and are necessary for excitation-contraction coupling and also for IGF-1R signaling to the nucleus. Although these pre-T-tubules do not form a continuous network, they serve as a functional perinuclear platform for the IGF-1R.
Signaling Pathway Downstream of the IGF-1R Is Compartmented in Perinuclear Microdomains
We addressed whether the perinuclear IGF-1R and the appropriate downstream Ca 2+ signaling components share the same localization. The IGF-1R has dual properties, signaling through both its intrinsic tyrosine kinase activity and also through coupled heterotrimeric G-proteins, which activate phospholipase C (PLC) and catalyze cleavage of phosphatidylinositol 4,5-biphosphate (PIP 2 ) to produce IP 3 , leading to Ca 2+ signaling. 11, 24 Accordingly, we observed that Gα i protein was highly colocalized with the IGF-1R in nuclear and perinuclear regions ( Figure 6A ). We performed immunoprecipitation experiments and detected both Gα i and Gβ subunits in IGF-1Rβ immunoprecipitates; this interaction was stronger in cells incubated with IGF-1 ( Figure 6B ). As expected, we observed a significant increase in intracellular IP 3 levels generated in response to IGF-1 in control cells, but not in cells expressing β-adrenergic receptor kinase carboxy terminal peptide (βARKct), which sequesters Gβγ dimmers ( Figure  6C) . To determine the subcellular localization of IP 3 production, we used cells expressing a plasma membrane-targeted yellow fluorescent protein-pleckstrin homology domain PLCδ reporter, which binds to the IP 3 precursor PIP 2 and redistributes when PLC hydrolyzes PIP 2 . 25 Under basal conditions, . G, Wholecell Ca 2+ measurements were performed on cardiac myocytes previously subjected to acute disruption of lipid rafts by treatment with the cholesterol-binding agent MβCD for 30 minutes, before imaging and stimulation with 10 nmol/L IGF-1 in Ca 2+ -free medium. H, Summary of the peak fluorescence values (F max , black bars) and the time elapsed to the [Ca 2+ ] peak (T max , gray bars) after IGF-1 stimulation of cardiac myocytes in Ca 2+ -free medium that were pretreated as indicated (n=3, values are expressed as mean±SEM, the statistical significance was evaluated by 1-way ANOVA and expressed as ***P<0.001 vs F max of control cells and ### P<0.001 vs T max of control cells). January 18, 2013 the probe displayed a perinuclear and peripheral distribution, but in response to IGF-1, fluorescence was rapidly lost exclusively in the perinuclear zones and not in peripheral regions, indicating perinuclear compartmentation of IP 3 production ( Figure 6D ). The Gα protein-sensitive PLCβ3 exhibited the same perinuclear localization as the IGF-1R (Online Figure  VIIA) , whereas the tyrosine kinase-sensitive and Gβγsensitive PLCγ displayed a peripheral pool and also a perinuclear pool (Online Figure VIIB) . In response to IGF-1, a rapid rise in the fluorescence of phosphorylated PLCγ was detected in the perinuclear region, without significant changes in the phosphorylation of the more peripheral pool (Online Figure  VIIC) . This is consistent with the perinuclear localization of IGF-1R upstream to both PLC subtypes. We have previously reported that effects of IGF-1 are dependent on IP 3 Rs. 11 We now addressed whether IP 3 Rs are located in the nucleus. In agreement with previous reports, 9, 11, 26 we observed a nuclear distribution of IP 3 Rs when using an antibody that recognizes all 3 isoforms (Online Figure VIID) , as well as a more pronounced distribution of type-2 IP 3 R (Online Figure VIIE) . Type-2 IP 3 R has been previously described in perinuclear T-tubule microdomains, in close contact with the nuclear envelope. 27 Altogether, the results from this study confirm that a complete system for the generation of IP 3 -mediated signals is present in the perinuclear region of these cells and is able to respond to extracellular IGF-1 binding by activation of IGF-1R, a locally restricted hydrolysis of PIP 2 , IP 3 production, nuclear Ca 2+ release, and MEF2C activation. 
Discussion
Ca 2+ -dependent gene expression is a widely described phenomenon in different cell types. 28, 29 Despite numerous theories postulated to explain the versatility of roles played by intracellular Ca 2+ signals, 9, 30 the regulation of this process remains particularly difficult to understand in cardiac myocytes, where free Ca 2+ levels are continually changing. Nuclear Ca 2+ transients have been described in both skeletal and cardiac myocytes, 31, 32 and the possibility of IP 3 being capable of releasing Ca 2+ to the nucleoplasm from nuclear receptors has been explored. 31 The question has remained, however: how can the nuclear response occur before or in the absence of cytosolic activity (as observed in Figure 1 ). The existence of a specialized membrane structure, channeling the extracellular growth factor to a juxtanuclear receptor signaling complex, explains how nuclear-specific Ca 2+ changes that modulate gene expression can be insulated from the large-amplitude changes in cytosolic Ca 2+ that arise with every heart cell contraction (see our proposed model in Figure 7 ). The results from our working model strongly suggest that nuclear Ca 2+ can be independently regulated from cytosolic Ca 2+ , thanks to a locally restricted signaling toolkit. The use of nuclear-targeted parvalbumin evidenced that the Ca 2+ signal is generated in the nucleus and is fully independent of cytosolic Ca 2+ release. In addition, using human embryonic cardiac myocytes, we observed that the cytosolic component precedes the nuclear component of the basal Ca 2+ oscillations, indicating its primarily cytosolic origin. In contrast, the nuclear Ca 2+ signal triggered by IGF-1 in these cells was-as in murine cellsoriginated in the nucleus, and then followed by the cytosolic component. Previous work with parvalbumins by Leite et al 33 demonstrated that spontaneous Ca 2+ activity was more affected by buffering cytosolic Ca 2+ than nuclear Ca 2+ , which agrees with our view that there is a separate control of both Ca 2+ toolkits. Recently, the same group showed that nuclear IP 3 buffering abrogated the effects of endothelin-1 and IGF-1 on cardiac hypertrophy. 34 Our work complements these observations, providing the mechanism by which IP 3 is able to exert nuclear effects in response to extracellular stimulation without an impact on cytosolic IP 3 -mediated Ca 2+ signaling or the need of the messenger IP 3 to diffuse from the peripheral cell surface. The ensemble of our experiments suggests that such control is achieved by the local compartmentation of the necessary elements to trigger Ca 2+ release within perinuclear microdomains. In particular, our results suggest that although T-tubules are the platform tunneling an extracellular ligand in close proximity to the nucleus, it is the perinuclear localization of the IGF-1R complex in these structures that allows the space-restricted triggering of nuclear Ca 2+ release without having a significant impact on cytosolic Ca 2+ . In support of this concept, a separate distribution of sarcolemmal receptors in the surface of cardiac myocytes versus the interior of T-tubules has been observed previously. 35 In rodents, β2-adrenergic receptor-induced cAMP signals are locally restricted to deep T-tubules, whereas β1-adrenergic receptors are distributed across the entire sarcolemma, and this allows the separation and spatial confinement of their downstream effects. 35 The mechanism restricting the localization of the sarcolemmal receptors to the perinuclear region remains elusive, however, and is our current line of investigation.
Recently, it has been described by electron microscopy that T-tubules establish contacts with the nuclear envelope, forming perinuclear microdomains where type-2 IP 3 Rs mediate nuclear Ca 2+ signaling. 27 Importantly here, we have found that this Ca 2+ signaling system is indeed activated in response to an extracellular ligand, and this involves the sequential and specific action of a perinuclear pool of sarcolemmal IGF-1R, heterotrimeric G protein, PLCγ/β3, localized IP 3 production, IP 3 Rs, and MEF2C activation. Our findings, therefore, provide the functional basis for these signaling structures and also represent a novel signaling mechanism in cell biology. Organelle interactions with the nucleus or with the cell surface are wellknown. However, the plasma membrane-nucleus contacts described here establish for the first time a direct bridge between extracellular stimulation and nuclear gene expression, through the controlled compartmentation of Ca 2+ signaling.
We observed that the structure of cardiac myocytes, based on plasma membrane invaginations, provides a localized platform for the nuclear compartmentation of a surface receptor. It is known that neonatal cardiac myocytes do not have a well-developed T-tubule network, and accordingly we observed that in these cells T-tubules were less interconnected in comparison with our experiments with adult cardiac myocytes. However, our set of experiments with formamide for the disruption of T-tubules and with MβCD for the disruption of lipid rafts demonstrated that plasma membrane invaginations with mixed characteristics of lipid rafts and T-tubules do exist in neonatal cells and are essential for excitation-contraction coupling and for IGF-1R signaling to the nucleus. This is in agreement with previous observations indicating that both types of plasma membrane invaginations share the same biogenesis mechanisms. 22 We refer to these structures here as pre-T-tubules, and we speculate that the MEF2C-dependent genetic program activated by IGF-1R-mediated Ca 2+ signaling contributes to the establishment of the more mature cardiac phenotype at this particular stage of differentiation. In a similar way, a distribution of the IGF-1R in lipid rafts/caveolae has been described as necessary for adipocyte differentiation, 23 and IGF-1 is indeed an essential factor regulating not only cardiac myocyte differentiation 36 but also hypertrophy in pathological models where embryonic gene programs are reactivated. 37 The role of T-tubules in nuclear signaling may also have important ramifications for disease states, such as heart disease or ischemia, when T-tubules are reduced, swollen, or otherwise dysfunctional. 38 The IGF-1R signaling pathways are known to promote cardiac growth, improve cardiac contractility, prevent cardiac myocyte apoptosis, and contribute to cardiac metabolic adaptability. [39] [40] [41] [42] In conclusion, the data presented here establish evidence in favor of the compartmentation of Ca 2+ signals and provide the first functional basis of a novel form of interorganelle communication that directly links plasma membrane signaling to nuclear Ca 2+ -dependent processes. January 18, 2013 organization of the article, Göran Mansson for 3-dimensional imaging assistance, Sam Ranasinghe for assistance with microscopy facilities, as well as Fidel Albornoz and Johnny Söderlund for technical assistance.
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